Abstract. The aim of the present study was to investigate the inhibitory effect of silibinin on SW1990 pancreatic cancer cells. An MTT assay following silibinin treatment demonstrated an inhibitory effect on AsPC-1 and SW1990 cells in a dose-and time-dependent manner. Propidium iodide staining analysis identified the cell cycle arrest of G1 phase and western blotting analysis demonstrated that the expression levels of cyclin D1, cyclin E2, cyclin A and cyclin B1 were decreased. The expression of G1-associated cell cycle-dependent kinases, cyclin-dependent kinase (CDK)4 and CDK6, were also decreased, whereas the expression of p15 (p15 INK4B ) was increased. In addition, after SW1990 cells were incubated with various concentrations of silibinin, early and late apoptotic cells were detected using flow cytometry. Silibinin increased the activities of caspase-9 and caspase-3, and subsequent cleavage of poly (ADP-ribose) polymerase (PARP) was also observed. The expression levels of B-cell lymphoma (Bcl)-2, Bcl-2-like 1 and myeloid cell leukemia 1 were decreased, whereas the expression of Bcl-like protein 4 did not alter and the expression levels of Bcl-2-like 1 small and Bcl-2-like protein 11 were increased. The expression levels of c-Jun N-terminal kinase (JNK) and phospho-JNK were also increased. In conclusion, silibinin inhibited cell proliferation, induced cell cycle G1 arrest via upregulating p15 INK4B and induced mitochondrial apoptosis via upregulating JNK/stress-activated protein kinase (SAPK) signaling pathway in human pancreatic cancer SW1990 cells.
Introduction
Pancreatic cancer is one of the most frequently malignant gastrointestinal cancer types and has a high mortality rate for the majority of patients in advanced stages, with a median survival of 3-6 months and a 5-year survival rate of less than 5% (1) . Pancreatic cancer ranks as the tenth highest incidence, and the sixth most frequent cause of mortality in China (2) . In addition, the incidence and mortality rate of pancreatic cancer has been increasing yearly (3, 4) . The high mortality incidence is due to the tumors being frequently metastatic at the time of initial diagnosis, and despite an aggressive clinical approach systemic therapies fail to treat pancreatic cancer (5) . There are no specific clinical symptoms in the early stages of the disease, and only mild symptoms will appear in stage I pancreatic cancer, including epigastric discomfort or indigestion. Surgery remains the primary treatment for pancreatic cancer; however, only 5-25% of patients with clinically diagnosed pancreatic cancer are eligible to receive surgical treatment. Following complete resection of tumors and adjuvant administration of gemcitabine, the median disease-free survival for patients with pancreatic cancer is 13.4 months. The 5-year survival rate following pancreatic cancer resection is <10%, and 50% of patients who have survived for 5 years succumb to recurrence of disease within the subsequent 5 years (6, 7) . With respect to the development of surgical treatments for pancreatic cancer, novel therapy options remain challenging.
Patients who are not recommended for surgical resection require adjuvant therapy, including chemotherapy and radiotherapy, to extend their survival. Currently, the chemotherapy drugs of choice for patients with pancreatic cancer are gemcitabine, capecitabine, fluorouracil, mitomycin, adriamycin and arsenic trioxide, and these are used in combination (8) . However, as pancreatic cancer is frequently insensitive to chemotherapy, the curative effect of chemotherapy for this cancer type is poor (9) . Therefore, it is important to identify chemotherapy drugs to which patients with pancreatic cancer are sensitive, or to identify alternative methods to improve the sensitivity of patients to chemotherapeutic agents. It is also important to reduce the side effects of radiation and chemotherapy to improve the therapeutic effects and the prognosis of patients with pancreatic cancer. There have been numerous previous studies that have focused on natural anti-tumor drugs, and there is increasing consideration of the anti-tumor effects of natural products. A group of anti-cancer drugs from natural products, including camptothecin and paclitaxel, have been established in clinical practice and have demonstrated a curative effect for certain types of cancer (10) .
Silibinin is a flavonoid that is extracted from milk thistle plants and has traditionally been used for detoxification and in the treatment of liver diseases, as it is a natural drug that protects the liver (11) . Silibinin has potential clinical value and has exhibited positive effects in the treatment of liver diseases, diabetes, mushroom poisoning, neurodegenerative diseases and numerous types of cancer (12, 13) .
In vitro and in vivo studies, silibinin has been established to have inhibitory effects in a number of cancer types, including cutaneous carcinoma, breast, cervical, prostate, colorectal, gastric carcinoma, bladder, lung, ovarian, kidney, tongue, hepatocellular carcinoma and leukemia (14) . However, there have only been a small number of studies on the inhibition effects of silibinin on pancreatic cancer cells (15, 16) . Therefore, the present study used pancreatic cancer SW1990 cells as a model to investigate the inhibitory effects of silibinin on cell proliferation in pancreatic cancer.
Materials and methods
Cell lines and reagents. The LO2 human hepatic cell line and the AsPC-1 and SW1990 human pancreatic cancer cell lines were obtained from the Department of Biochemistry, Medical College of Jinan University (Guangzhou, China). All cells were maintained in RPMI-1640 supplemented with 5% fetal bovine serum at 37˚C in 95% humidified air containing 5% CO 2 . Silibinin (Fig. 1A) Cell growth and viability assay. Cell growth and viability were measured using an MTT assay. The normal liver cell LO2 and human pancreatic cancer AsPC-1 and SW1990 cell lines in logarithmic growth phase were seeded into 96-well plates at a density of 5x10 3 cells/well and incubated at 37˚C overnight. Subsequently, the cells were treated with varying concentrations of silibinin (50, 100, 200, 300, 400 and 500 µM) and DMSO (<0.1%) was used as the vehicle control (5 repeats were performed in each group). Cells were incubated for 24 to 72 h in standard culture conditions (37˚C containing 5% CO 2 ). Subsequently, 20 µl MTT (5 mg/ml) reagent was added to each well followed by an additional incubation of 4 h at 37˚C. The supernatants were discarded and 150 µl of DMSO was added, and the cells were agitated to dissolve the purple precipitate. A spectrophotometer was used to measure the absorbance at a wavelength of 570 nm. The cell inhibitory rate was calculated using the following equation: Cell inhibitory rate=(1-A treatment /A blank ) x100%, where A was the absorbance.
Flow cytometry analysis for cell cycle distribution. SW1990 cells in the logarithmic growth phase were seeded at a density of 3x10 5 cells/well into 6-well tissue culture plates. The cells were treated with various concentrations of silibinin (50, 100 and 200 µM) and DMSO (<0.1%) was used as the vehicle control. Following 48 h of incubation at 37˚C, cells were harvested using trypsin. The cells were washed twice with ice-cold PBS and fixed in 70% ethanol overnight at 4˚C. Subsequently, the cell pellets were washed three times with PBS and incubated with PI (500 g/l) and RNase (20 U/ml) for 30 min at room temperature in the dark. The DNA content was determined by flow cytometry by ModFit 2.0 software (FCM; Beckman Coulter, Inc., Brea, CA, USA).
Annexin V-FITC/PI staining and flow cytometric analysis to detect apoptosis. SW1990 cells in logarithmic growth
phase were seeded at a density of 3x10 5 per well into 6-well tissue culture plates. Subsequently, cells were treated with various concentrations of silibinin (50, 100 and 200 µM), and DMSO (<0.1%) was used as the vehicle control. Western blotting analysis. SW1990 cells were seeded at a density of 3x10 5 per well into 6-well tissue culture plates. The cells were incubated at 37˚C with various concentrations of silibinin (50, 100, 150 and 200 µM) for 48 h, and DMSO (<0.1%) was used as the vehicle control. Subsequently, the cells were harvested and washed twice with ice-cold PBS. The cells were lysed in buffer (Biospec, Inc., Bartlesville, OK, USA) on ice for 30 min and centrifuged at 12,000 x g for 15 min at 4˚C. The cell proteins were extracted and the concentrations were determined using a bicinchoninic acid assay. A total of 30 µg of protein was denatured by the addition of 5X reducing sample buffer (Biospec, Inc.), incubated for 5 min at 100˚C and separated by SDS-PAGE (10% or 15%). The proteins were transferred to polyvinylidene difluoride membranes. Following blocking with 5% dried skimmed milk, the membranes were incubated overnight at 4˚C with the appropriate primary antibodies. Subsequently, the membranes were washed 3 times in TBST (10 mM Tris, 100 mM NaCl and 0.1% Tween 20) for 5 min each and incubated for 1 h at room temperature with a secondary antibody conjugated to horseradish peroxidase. Following washing in TBST, the bound antibody complex was detected using an electrochemiluminescence reagent (HRP Substrate Luminol Reagent and HRP Substrate Peroxide Solution; Biospec, Inc.) and XAR film (Kodak, Rochester, NY, USA) as described previously (ImageJ v1.46d; National Institutes of Health, Bethesda, MD, USA) (17) . The data were quantitated from at least three separate experiments.
Statistical analysis. The results are expressed as the mean ± standard error from 3 independent experiments using SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA). Student's t-tests were used to determine the significance between the control and test groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Silibinin inhibits the proliferation of LO2, AsPC-1 and SW1990 cells. To investigate the effects of silibinin on cell proliferation, an MTT assay was used to analyze the proliferation of LO2, AsPC-1 and SW1990 cells. The results demonstrated that varying concentrations of silibinin had little effect on LO2 cells. Notably, silibinin enhanced LO2 cell proliferation at concentrations <300 µM (Fig. 1B-D) . The proliferation of AsPC-1 and SW1990 cells was significantly inhibited with silibinin treatment in a dose-and time-dependent manner (Fig. 1B-D Effects of silibinin on cell cycle distribution. As the decrease in cell growth was observed following silibinin treatment, which may be due to the induction of cell cycle arrest, the effect of silibinin on cell cycle distribution was examined in SW1990 cells. Flow cytometry following PI staining assay was used to analyze the effects of silibinin on cell cycle distribution. As presented in Fig. 2A , the population of cells was arrested in G1 phase (48.6-77.0% compared with 46.8% in Silibinin modulates the expression of cell cycle regulatory proteins. As significant cell cycle arrest was observed following silibinin treatment, the expressions of cell cycle regulatory proteins as Cyclins, CDKs and CDK inhibitors were analyzed using western blotting analysis. The results demonstrated that the protein expression levels of cyclin D1, cyclin E, cyclin A, cyclin B1 and G1 phase-associated CDK4 and CDK6 were significantly reduced following treatment with silibinin for 48 h. However, the expression level of p15 increased, whereas the level of p21 was not altered (Fig. 2B) .
Silibinin induces apoptosis in human pancreatic cancer SW1990 cells. To determine whether silibinin induces apoptosis, the SW1990 cells were treated with silibinin at 0, 50, 100 or 200 µM or 0.1% DMSO for 48 h. Cells were double stained with Annexin V-FITC and PI. Annexin V assay identified that the populations of apoptotic cells increased with higher silibinin concentrations. The apoptosis rate was 27.69% when the SW1990 cells were treated with silibinin at a concentration of 200 µM for 48 h, while in the control group, the apoptosis rate was 8.84% (Fig. 3A) .
To investigate the underlying mechanism by which silibinin induced apoptosis, western blotting analysis was conducted with antibodies against caspase-3, caspase-9 or PARP. Treatment with silibinin for 48 h promoted the activation of a number of apoptotic proteins, including caspase-9, caspase-3 and its substrate, PARP, via protein cleavage (Fig. 3B) . Increased silibinin concentrations resulted in a reduction of the intact proteins and an increase in proteolytic cleavage bands in a concentration-dependent manner.
Detection of the protein expression levels of Bcl-2 family proteins and JNK using western blotting analysis.
The mitochondrial death pathway is controlled by members of the Bcl-2 family. The Bcl-2 family serves a central regulatory role in deciding the fate of cells via the interaction between pro-and anti-apoptotic members (18) . Therefore, whether the mitochondrial-mediated apoptosis in SW1990 cells induced by silibinin treatment was modulated by Bcl-2 family members was investigated.
Silibinin suppressed the expression levels of Bcl-2, Mcl-1 and Bcl-xl, but did not alter the expression of Bax. The expression of pro-apoptotic protein (Bcl-xs) and the BH3-only protein, Bim, increased (Fig. 4A) . As a result of these effects, the ratios of Bcl-2/Bax, Mcl-1/Bax and Bcl-xl/Bax were reduced during apoptosis. The protein expression levels of JNK and p-JNK increased with higher concentrations of silibinin (Fig. 4B) . These results suggest that silibinin induces apoptosis in SW1990 cells through the activation of JNK and altering the expression levels of the Bcl-2 anti-apoptotic proteins and BH3-only proteins triggering the mitochondrial apoptosis signaling pathway.
Discussion
Certain anti-cancer agents have been extracted and purified from plants, including taxol and camptothecin. These drugs have been established in the clinic as effective chemotherapy agents and have demonstrated beneficial effects in certain types of carcinoma. In addition, numerous plant extracts including, tea polyphenol, resveratrol, ginger extract and soy isoflavones, have demonstrated potential anti-tumor effects, which may provide a novel direction for the study of potential anti-cancer drugs. Pancreatic cancer has poor outcomes with regards to surgical resection and chemotherapy (19, 20) . In China, the incidence of pancreatic cancer has continued to increase yearly (21) . The search for an effective chemotherapeutic drug with low toxicity is an important focus of studying pancreatic cancer treatment. Silibinin serves a role in anti-oxidation, anti-fibrosis, anti-inflammation, immunoregulation and in the promotion of hepatocyte regeneration (22) . It has been used in the clinic for >20 years for the treatment of hepatitis, fatty liver, cirrhosis and other diseases (23) . Apart from its hepatoprotective effects, silibinin has received increased interest due to its anti-tumor efficacy. It was identified that silymarin and silibinin exhibit anti-tumor effects and may inhibit the growth of prostate, skin, bladder, lung, colon, breast, ovarian, renal, liver and tongue cancer (24) (25) (26) (27) (28) (29) . Notably, silibinin has been used in phase I clinical trial for the treatment of prostate cancer. Silymarin and silibinin exhibit low toxicity, and consequently their median lethal dosage values are unable to be measured in animal experiments. Additionally, silibinin is used as an antioxidant food additive in the United States and Europe (30, 31) .
The present study investigated the inhibitory effects of silibinin on the proliferation of SW1990 pancreatic cancer cells and the potential underlying mechanisms of action. An MTT assay was used to detect the inhibitory effect of varying concentrations of silibinin on the proliferation of LO2 normal human liver cell line and on AsPC-1 and SW1990 pancreatic cancer cell lines. The results demonstrated that there was no marked inhibitory effect of silibinin on the proliferation of LO2 cells, whereas the inhibition of proliferation of AsPC-1 and SW1990 cells was significantly altered and occurred in a time-and dose-dependent manner.
The effects of silibinin treatment on cell cycle distribution differ between cell types. For example, silibinin promotes a G2 phase cell cycle arrest in human gastric carcinoma SGC7901 cells (32) ; however, it also triggers G2/M and G1 arrest in the TCC-SUP and T-24 human bladder transitional cell carcinoma cell lines, respectively (33) . Silibinin promotes AsPC-1 human pancreatic cancer cells to arrest in G1 phase but does not markedly affect BxPC-3 and Panc-1 cells (17). Kaur et al (34) indicated that silibinin treatment notably inhibits the growth of Lovo cells and induces increased levels of the apoptosis-associated cleaved caspases (caspases 3 and 9) and cleaved PARP, and therefore promotes cell cycle arrest at G1 phase.
Using flow cytometry assay, a significant G1 phase arrest in the silibinin group was identified and western blotting analysis demonstrated that silibinin increased the expression of p15 INK4B and did not alter the expression of p21
Cip1 in SW1990 cells. p15, which is upstream of CDK4/CDK6, inhibits CDK4/CDK6 activity, as well as inhibits the activity of the CDK4/cyclin D and CDK6/cyclin D complexes. In the current study, a decrease in the expression of the G1 phase-associated cell cycle proteins cyclin D1 and the cyclin-dependent kinases CDK4 and CDK6 was revealed using western blotting analysis. As the majority of cells cannot proceed to the next phase, the expression of late G1 phase-, S phase-and G2 phase-associated cell cycle Previous studies have demonstrated that apoptosis may occur via three signaling pathways, including the death receptor-mediated pathway, the mitochondrial-mediated pathway and the endoplasmic reticulum-associated pathway (35, 36) . Caspase-9 is linked to the mitochondrial death pathway and once the mitochondrial pathway is initiated, pro-caspase-9 is cleaved into its active form. Activated caspase-9 cleaves its downstream signaling protein pro-caspase-3, which promotes caspase-3 activation. PARP, an enzyme that is involved in the recognition of genomic integrity and DNA repair, is inactivated by caspase cleavage and is therefore regarded as a molecular marker of apoptosis (29, (37) (38) (39) .
In the present study, SW1990 cells were stained with Annexin V-FITC and PI and the cells in the silibinin-treated groups were apoptotic; the percentage of apoptotic cells increased with higher concentrations of silibinin. These results also demonstrated that SW1990 cells treated with silibinin have activated pro-caspase-9 and pro-caspase-3, and PARP was also cleaved into its active form. These data suggest that silibinin induces apoptosis via the mitochondrial-mediated signaling pathway in SW1990 cells and this was consistent with the results of flow cytometry analysis.
The mitochondrial-mediated apoptotic signaling pathway is associated with the expression and activation of the Bcl-2 protein family. Bcl-2 proteins are grouped into three classes: Those that inhibit apoptosis (Bcl-2, Bcl-xl, Bcl-2-like 2, Mcl-1, Bcl-10, Boo/Diva, NR-13 and Bcl-2-related protein A1); those that promote apoptosis (Bak, Bax, Bcl-xs, Bcl2-related ovarian killer); and the pro-apoptotic BH3-only proteins (Bad, Bid, Bcl2-interacting killer, Bim, B lymphocyte kinase, Bcl2-modifiying factor (Bmf), harakiki Bcl2-interacting factor, Bcl2-interacting protein 23, NIP3-like protein X and Noxa) that bind and regulate the anti-apoptotic Bcl-2 proteins (40, 41) . In the present study, western blotting analysis demonstrated that with increasing concentrations of silibinin, the expression of the anti-apoptotic Bcl-2 family of proteins Bcl-2, Bcl-xl and Mcl-1 was decreased, whereas the expression of the BH3-only protein Bim was increased in a concentration-dependent manner. The expression of the pro-apoptotic protein Bcl-xs was increased, whereas the expression of another pro-apoptotic protein Bax was unaltered. These results suggest that Bim may form a heterodimer with Bcl-2 or Mcl-1 and promote dissociation of Bax/Bcl-2 or Bax/Mcl-1 heterodimers. This event promotes Bax oligomerization and cytochrome-c release from the mitochondria, which initiates the mitochondrial-mediated apoptotic signaling pathway. The expression of the pro-apoptotic protein Bcl-xs was increased, and therefore Bcl-xs may be able to activate Bak or Bax through inhibiting the function of voltage-dependent anion channel 2 and Bcl-xl (42) . Although the protein levels of anti-apoptotic proteins, including Bcl-2, Mcl-1 and Bcl-xl, were decreased, the ratios of Bax/Bcl-2, Bax/Mcl-1 and Bax/Bcl-xl were increased, resulting in an increased quantity of unbound Bax and initiation of the mitochondrial-mediated apoptotic signaling pathway.
JNK serves an important role in the death receptor-initiated extrinsic apoptotic signaling pathway and the mitochondrial intrinsic apoptotic signaling pathway. JNK promotes apoptosis through two actions. Firstly, activated JNK locates to the nucleus and activates transcription factors, including c-Jun. This activation of c-Jun/AP1 or p53/p73, leads to the increased expression of pro-apoptotic genes. The second action requires JNK to locate into the mitochondria and phosphorylate BH3-only Bcl-2 proteins, including Bad Ser128, which inhibits 14-3-3 protein interactions and therefore reducing the anti-apoptotic activity of Bcl-2 and Bcl-xl. Phosphorylation of 14-3-3ξ at Ser184 by JNK does not allow 14-3-3ξ to relocate. JNK is able to induce the cleavage of Bid, independently of caspase-8, in HeLa cells during JNK-induced apoptosis. The 21 kDa Bid fragment promotes the release of the second mitochondria-derived activator of caspase, which is a pro-apoptotic protein (43) . Apoptosis may also be initiated by JNK activation of Bax or Bak via the phosphorylation of Bim and Bmf, which has been demonstrated in HEK293T cells during UV-induced apoptosis (44) . Finally, JNK phosphorylates Bcl-2 at Ser70 and causes the dissociation of the Bcl-2/Bax heterodimer and promotes cell apoptosis (45) . The present study identified that following treatment with silibinin, the expression levels of JNK and p-JNK were increased in SW1990 cells, which was consistent with the results of Duan et al (46) . The results of the present study indicated that the pro-apoptotic effects on SW1990 cells were mediated via the JNK signaling pathway, and the activation of this signaling pathway may activate the downstream mitochondrial-associated apoptotic signaling pathway to induce cell apoptosis.
In conclusion, silibinin suppresses the proliferation of pancreatic cancer cells by the induction of G1 phase cell cycle arrest and through an increase in the expression of p15 INK4B . In addition, silibinin induced JNK activation and initiated the mitochondrial-associated apoptotic signaling pathway, which promoted the pancreatic cancer SW1990 cells to undergo apoptosis. The signaling pathway by which silibinin upregulates p15 INK4B in pancreatic cancer SW1990 cells remains to be elucidated. Additionally, whether the activation of JNK by silibinin promotes the dissociation of Bcl-2/Bax or Bcl-xl/Bax and the oligomerization of Bax, and whether silibinin suppresses the growth of pancreatic cancer in SW1990 xenograft mice are yet to be determined.
